Maternal cytoplasmic inheritance may cause an upward bias in heritability estimates from daughter on dam regression. Inaccurate evaluations of bulls or dams of future sires would result if such estimates were used in genetic evaluation. Expected genetic selection differential for bulls would be overestimated, but genetic gain would be little affected by incorrect heritability estimates. Genetic evaluations of dams of sires would be less accurate when incorrect heritability estimates are used, but actual selection differentials would be only slightly less than optimum. If cytoplasmic effects were ignored during selection, less genetic improvement would seem to be the result. However, expected genetic gain would be only slightly increased if selection considered both nuclear and cytoplasmic components of inheritance rather than nuclear inheritance only. Reasons for both results are that selection for cytoplasmic effects can be done directly only through dams of cows for which selection is not very intense and that overestimates of heritability have little effect on genetic selection differentials as compared to using correct estimates of heritability. Expected genetic gain, if based on overestimates of heritability, however, will be considerably greater than can be realized.
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cytoplasmic location, inheritance of mitochondrial DNA (mtDNA) is not governed by the same laws that apply to chromosomal genes. Extranuclear genes are replicated in the cytoplasm without a chromosomal template. Although a great deal is known about the structure and expression of mtDNA, including the entire sequence in the bovine (1), the cause of its maternal inheritance is poorly understood. Cytoplasmic organelles are genetically autonomous and have genetic transmission systems of their own, but nuclear genes may affect their development. Hereditary defects may be either chromosomal and transmitted in a Mendelian fashion, or they may show non-Mendelian, maternal inheritance (3) .
Cytoplasmic genes (such as those on mtDNA) may affect production traits in dairy cattle, especially since mitochondria are essential for any reaction in an organism which requires or produces energy, such as fatty acid synthesis, oxidative phosphorylation, and glycolysis. Mitochondria also may have a role in disease resistance.
Research results supporting the existence of maternal cytoplasmic effects are 1) higher heritability estimates for production traits in dairy cattle from daughter on dam regression than from paternal half-sister correIations (9, 10, 11) , 2) the ability of dam's records to predict daughters' performance better than their son's progeny tests (6) , and 3) differences between reciprocal crosses in dairy breeds (8) . Other factors, however, can explain such results. In a more direct analysis, pedigrees of 4461 cows in North Carolina herds were traced to the original female in a maternal line (the cytoplasmic origin). After records were adjusted for sire, herd, and calving month and year, cytoplasmic effects were estimated to account for 2.0, 1.8, 1.8, and 3.5% of total variation of milk yield, milk fat yield, 3.7% FCM yield, and milk fat percent in first lactation (2) . In a similar study, Huizinga et al. (4) first lactation production of milk yield as well as for fat and protein yield but an insignificant source of variation for reproductive traits. However, apparently significant effects of cytoplasmic inheritance were observed from a similar analysis of 4500 lactation records simulated on a computer under an additive genetic model with no cytoplasmic effects. Eight of 10 replicates for milk yield and all replicates for milk fat percent showed significant variance due to apparent cytoplasmic effects, an average of 1.4% of phenotypic variance for milk yield and 3.2% for fat percent. These results were attributed to random genetic drift (5) . Comparison of heritability estimates from daughter-dam and granddaughter-granddam regressions for milk yield, milk fat yield, and milk fat percent suggested that cytoplasmic effects accounted for no variation in these traits (7) . The difference between daughter-dam and granddaughtergranddam heritability estimates should estimate twice the fraction of variance due to cytoplasmic effects; however, the differences were negative and not statistically significant for milk and milk fat yield and negative but highly significant for milk fat percent (7) . Heritability estimates from daughter on dam regression would be biased upward because of cytoplasmic variance and would alter evaluations of bulls and of dams of future sires. An entirely different problem is that even if heritability estimates might be accurate, when cytoplasmic variance is ignored during selection, all of the potential total genetic gain from nuclear and cytoplasmic inheritance will not be realized. The objective of this study was to determine the effects on selection and genetic gain resulting from inaccurate selection due to cytoplasmic effects.
Effect of Inaccurate Heritability Estimate Due to Cytoplasm ic Variance
Heritability in the narrow sense might be overestimated from daughter on dam regression because of an unknown bias from variance due to cytoplasmic effects:
where h 2 is true heritability (assumed for calculations to be .25 for milk yield, .50 for milk fat percent); h2, is the overestimate of heritability (the symbol * will be used throughout to signify altered values resulting from overestimates of heritability); ot is variance of cytoplasmic effects; ax 2 is total phenotypic variance (assumed for examples to be (1134 kg) 2 for milk yield and (.3%) 2 for milk fat percent); o2t/Ox 2 is proportion of phenotypic variance caused by cytoplasmic effects (values of 1, 2, 3, 4, and 5% were used for examples in this study with 5% used for the examples in the text). For example, if 5% of the variance of milk yield is due to cytoplasmic effects, heritability estimated from daughter on dam regression would be expected to be: h2, = .25 + 2(.05) = .35.
Bu II Selection
If such a biased estimate of heritability from daughter on dam regression were to be used in evaluation of bulls, estimates of breeding value would be biased, and the accuracy of evaluation would be overestimated. For purposes of illustration, properties of the selection index (best linear prediction) for estimates of additive genetic values will be used. The accuracy of evaluation (correlation between the true additive genetic value and the selection index) from a progeny average is:
where X = (4--h 2)/h 2 and p is number of effective daughters in sire's proof with each daughter in a different herd.
The expected genetic selection differential can than be estimated by:
where AG b is expected genetic selection differential for bulls with selection based on their progeny records, and i is standardized selection intensity factor (which for comparisons usually will be set equal to 1 in this study). When an inflated heritability is used, the expected but incorrect genetic selection differential will be increased because both rTi and additive genetic b standard deviation will be overestamated as: 
The expected correlated response from regression of the bull's additive genetic value on his incorrect index can be used to estimate the actual genetic selection differential from use of an incorrect index assuming equal numbers of progeny per bull:
where I~ is selection index prediction of additive genetic value using overestimated heritability and AG b is expected correlated response in true additive genetic value when using an incorrect index.
Expected genetic selection differentials in row 1 of Table 1 correspond to using correct heritability and can be compared to overestimates of selection differentials from using heritability estimates biased upwards by cytoplasmic variance. For example, with p = 100, true h 2 = .25 and Cytoplasmic variance of 5% of phenotypic variance, the actual genetic gain would be 109 kg less (21%) than calculated with incorrect heritability but equal to what would be obtained if accurate heritability estimates were used. These calculations assumed all bulls are evaluated with exactly 100 daughters; thus, bulls will be ranked the same no matter what heritabiilty is. In practice, bulls usually will have slightly different numbers of daughters in first proofs and greatly different numbers of daughters after the first proof. The effect would be more bias in evaluations of bulls with few daughters than for bulls with many daughters.
Similar calculations for milk fat percent show that the actual genetic gain would be only 10% less than expected based on incorrect heritability. Again, no loss in actual genetic gain would occur, because in these calculations with equal numbers of daughters per bull, bulls would be ranked the same no matter what heritability is used.
Dam of Bull Selection
Biased heritability estimates may also affect selection of dams of future sires. For selection of these cows, emphasis is placed on their records. Cytoplasmic effects may cause some of the variance in production traits, and although a cow's cytoplasmic genes will be passed on to her offspring, her sons will not pass them on to their daughters. In this report, the index to select dams of bulls is calculated based on the cow's production record and her sire's proof: However, when the heritability and accuracy are biased by cytoplasmic variance, the expected selection differential is exaggerated:
To estimate the true genetic selection differential, which is obtained from selection using the incorrect index, the expected correlated response is found by regression of genotypic value on the index used:
Expected selection differentials with correct heritability are in row 1 of Table 2 and can be compared to overestimates of selection differentials from using overestimates of heritability. The lower part of Table 2 gives the expected correlated selection differentials for additive genetic value if selection is based on incorrect heritability. For example, if the number of paternal half-sisters is 100, and cytoplasmic effects cause 5% of phenotypic variance, AG* = 452 kg and AGc = 344 kg, but if correct indexes with true heritability are used, AG c = 349 kg. Thus, if an incorrect index is used when heritability is incorrect because 5% of the phenotypic variance is due to cytoplasmic variance, the correlated selection differential is only 1.4% less than that which would have been obtained if the correct index were used. This loss is not TABLE 2. Calculated inaccurate genetic selection differentials for cows (AG~) with one record and records of paternal half-sibs for milk yield or milk fat percent when overestimates of heritabiIity (h 2) are used. Row 1 entries are expected genetic selection differentials using correct heritabilities for milk (.25) and for milk fat percent (.50). very significant, but a problem of perception is that if inflated heritability is used in the calculations, expected gain is much greater (nearly 30% for this example) than that which is possible. For milk fat percent, the potential genetic gain that would be lost is relatively much smaller than that for milk yield, because cytoplasmic variance constitutes a smaller proportion of the total genetic variance.
Fraction of
This selection differential really is not an accurate estimate of the true genetic selection differential when cytoplasmic variance is ignored during selection because cows with superior cytoplasmic genes are still likely to be selected. As in the previous case with incorrect heritability, the expected total genetic selection differential can be estimated by correlated response through regression of the genotype (g + t) on the index to be used:
Effect of Ignoring Cytoplasmic Variance During Selection
If cytoplasmic variance is ignored during selection when correct heritability and cytoplasmic variance are known, total genetic gain (nuclear and cytoplasmic) might be less than is potentially possible.
Assume, for example, that heifers are selected for production on the basis of their dams' records and their sires' proofs by using the index to select for gc + t (sum of additive genetic merit and cytoplasmic effect for cow c): and AGg = i rTi (hOx) , which will be smaller g than AG_ + t if there is variation due to cytoplasmic e~fects.
The expected values are outlined in the Appendix. When the cytoplasmic effects contribute 5% to total phenotypic variance for milk yield but are ignored and number of paternal half-sisters is 100 (see Table 3 ): AGg + t = 331kg AG_= , 300 kg, and AGg + t = 327 kg. Thus, if a selection program uses correct heritability but does not consider cytoplasmic effects, the expected selection differential is 327 kg of milk compared with 331 kg for a selection program that considers additive effects of both chromosomal and cytoplasmic genes.
When calculations are done for milk fat percent, the loss due to ignoring cytoplasmic effects is even less significant because heritability is high and the nuclear genes contribute a larger proportion of total variation than for milk yield.
Effect of Selection for Cytoplasmic Effects on Genetic Progress
Of the four paths of selection, only in path of dam to cow will cytoplasmic effects be passed to descendants. That selection path usually is associated with low intensity of selection and less accuracy as compared to the other paths. Genetic progress per year at equilibrium usually is stated to be equivalent to the sum of genetic selection differentials for the four paths of selection divided by the sum of the corresponding generation intervals. However, in the case of cytoplasmic effects, genetic gain per year must be estimated by a slightly different method since cytoplasmic genes are only transmitted maternally: where AG/yr is estimated genetic gain per year; LSS is generation interval for sires of bulls (assumed in the following example to be 9.9 yr) ; LDS is generation interval for dams of bulls (assumed to be 6.9 yr); LSD is generation interval for sires of cows (assumed to be 9.0 yr); LDD is generation interval for dams of cows (assumed to be 4.2 yr); ASS is genetic selection differential for sires of bulls, assumed for the example to be with Og = [.25(1134) 2 ] .s = 567; (2.4)(.9)(567) = 1225kg; ADS is genetic selection differential for dams of bulls, assumed to be (2.0)(.65)(567) = 737 kg; ASD is genetic selection differential for sires of cows, assumed to be (2.2)(.8)(567) = 998 kg. (For the example calculations of genetic selection differentials, values for i and rwi were chosen based on selection of AI sires with high intensity and accuracy, and dams of sires with a great deal of intensity after about three lactation records. Calculations also assume correct heritability, .25, is used.)
The ADDg is genetic selection differential due to additive effects of nuclear genes of dams of cows which will depend on whether selection considers cytoplasmic effects; ADD t is genetic selection differential due to cytoplasmic effects of dams of cows which also will depend on whether selection considers cytoplasmic effects. The top 90% (i = .2) will be selected except when sexed semen or embryo transfer examples are examined.
If for this example, cytoplasmic effects account for 5% of phenotypic variance but are ignored during selection, AG/yr = 1225 + 737 + 998 + (.2)(300) (Table 4) .
Therefore, based on this example, unless selection intensity of dams can be greatly increased, (Table 4) .
Embryo transfer and selection directed toward improvement of nuclear and cytoplasmic genetic effects could result in genetic gain per year of 130 kg of milk or 28 kg more than would be possible without the use of embryo transfer and selection for nuclear plus cytoplasmic effects. Assuming $,15 profit/kg of milk produced, this would result in an increased net genetic value of $4.20/yr, so that many years would be required to cover the cost of embryo transfer.
A reviewer has pointed out that because of lack of segregation and recombination, variation due to cytoplasmic effects is likely to be reduced due to selection so that the formula may not hold true after one generation.
CONCLUSIONS
Even if cytoplasmic effects cause a bias in the heritability estimate and an overestimate of expected response or if cytoplasmic effects are ignored during selection, there is very little effect on genetic gain. Selection index weights are less accurate than they could be, but the effect on selection response is only slightly less than optimum. However, if cytoplasmic effects cause a very large proportion of the phenotypic variance or selection on dams of cows is intense, conclusions from an analysis as described here by example might be different. These resuks assume no interaction between cytoplasmic effects and nuclear additive genetic effects. If the interaction is linear with additive genetic effects and is known, then the method of this Journal of Dairy Science Vol. 71, No. 12, 1988 paper can be extended to consider the interactions.
